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ABSTRACT
The X-ray emission from the massive binary WR 146 is analysed in the framework of
the colliding stellar wind (CSW) picture. The theoretical CSW model spectra match
well the shape of the observed X-ray spectrum of WR 146 but they overestimate
considerably the observed X-ray flux (emission measure). This is valid both in the case
of complete temperature equalization and in the case of partial electron heating at the
shock fronts (different electron and ion temperatures), but, there are indications for a
better correspondence between model predictions and observations for the latter. To
reconcile the model predictions and observations, the mass-loss rate of WR 146 must
be reduced by a factor of 8 - 10 compared to the currently accepted value for this
object (the latter already takes clumping into account). No excess X-ray absorption is
derived from the CSW modelling.
Key words: shock waves— stars: individual: WR 146— stars: Wolf-Rayet — X-rays:
stars.
1 INTRODUCTION
Massive stars of early spectral types, OB and Wolf-Rayet
(WR) stars, posses fast and massive stellar winds (Vwind =
1000−5000 km s−1 ; ÛM ∼ 10−7−10−5 M⊙ yr−1 ) that play an
important role for their evolution. On the other hand, when
a binary harbours two massive stellar components, the inter-
action of their massive winds gives rise to the phenomenon
of colliding stellar winds (CSW), whose observational man-
ifestation allows us to study the physics of strong shocks in
some detail. Due to the high velocity of the stellar winds
from massive stars, the shocked plasma in the CSW region
is heated to high temperatures, thus, it is expected to be
a strong source of X-ray emission (e.g., Prilutskii & Usov
1976; Cherepashchuk 1976).
We note that the first systematic X-ray survey of WRs
with the Einstein Observatory showed that WR+O bina-
ries are the brightest X-ray sources amongst them (Pollock
1987), but the quality of the X-ray data was not very high.
With the launch of the Chandra and XMM-Newton obser-
vatories the number of WR+O binaries with good quality
X-ray spectra has increased and some of the objects were
studied in considerable detail. Thus, in the last two-three
decades it became generally accepted that the enhanced X-
ray emission from WR+O binaries likely originates from the
interaction region of the winds of the massive binary com-
ponents (see Rauw & Naze´ 2016 for a recent review on the
progress of studies, both theoretical and observational, of X-
⋆ E-mail: szhekov@astro.bas.bg
ray emission from interacting wind massive binaries of early
spectral type).
However, it is our understanding that carrying out de-
tailed comparison between theory and observations is the
most reliable way to test the currently accepted physical
picture of a given phenomenon. In this respect, the modern
tools for analysing and modelling of observational data al-
low us to perform direct confrontation of our physical ideas
(models) with observations, and it is indeed the case in the
X-ray astronomy.
This is exactly the goal of the current study of the collid-
ing stellar wind phenomenon, namely, to carry out a direct
comparison of the CSW model results and the X-ray obser-
vations of the massive Wolf-Rayet binary WR 146. Previous
studies based on such an approach provided us with valu-
able pieces of information on the physical picture of CSW
binaries (e.g., Zhekov & Skinner 2000; Zhekov & Park 2010;
Zhekov 2015). We believe that the more objects are analysed
in such a way the better our understanding of the CSW phe-
nomenon is.
Our paper is organized as follows. We summarize in-
formation on WR 146 in Section 2. In Section 3, we review
the recent X-ray observations of WR 146. In Section 4, we
present results from a direct comparison of the CSW model
with the X-ray emission of WR 146. In Section 5, we discuss
our results, and we present our conclusions in Section 6.
© 2017 The Authors
2 S.A.Zhekov
20h35m 48s 20h35m 47s 20h35m 46s
+41 o22 ’ 31 "
+41 o22 ’ 36 "
+41 o22 ’ 41 "
+41 o22 ’ 46 "
+41 o22 ’ 51 "
+41 o22 ’ 56 "WR 146 (Obs 1)
20h35m 48s 20h35m 45s
+41 o22 ’ 28 "
+41 o22 ’ 43 "
+41 o22 ’ 58 "
+41 o23 ’ 13 "
WR 146 (Obs 2)
20h35m 48s 20h35m 45s
+41 o22 ’ 28 "
+41 o22 ’ 43 "
+41 o22 ’ 58 "
+41 o23 ’ 13 "
WR 146 (Obs 3)
Figure 1. The raw ACIS-I images of WR 146 in the 0.3 - 10 keV energy band with the spectral extraction regions. The source spectrum
was extracted from the central circle, while the background spectrum was extracted from adjacent annulus. The circled plus sign gives
the optical position of WR 146 (SIMBAD). For Obs 1, position of the near-by source BD+404243 is marked by a red circle. The source
contribution to the spectrum of WR 146 was excluded for Obs 2 and Obs 3 (again noted by a red circle).
2 THE WOLF-RAYET STAR WR 146
WR 146 (MR 112) is a massive binary whose components
are a carbon-rich (WC) Wolf-Rayet star and an O-type
star (van der Hucht 2001). It is a wide colliding wind bi-
nary showing non-thermal radio emission (Dougherty et al.
1996). High-resolution radio observations resolved its emis-
sion into three different sources: two thermal sources (iden-
tified with the WR and O star, respectively) and one non-
thermal source (associated with the CSW region in the bi-
nary) with an estimated binary separation of 0.′′162 ± 0.′′008
(Dougherty et al. 2000). Similar result for the binary separa-
tion (0.′′168± 0.′′031) was obtained from the optical observa-
tions with the Hubble Space Telescope (HST) (Niemela et al.
1998). It is interetsing to note that Setia Gunawan et al.
(2000) reported 3.38-year periodic variations superimposed
on the 1.4-GHz slow rise in the radio emission from WR 146.
However, as the authors stated these variations are too short
to be the WR+O binary period and might be caused by a
third, low-mass, object in the system.
The optical extinction of AV = 8.32 mag was derived
from detailed quantitative analysis of optical and infrared
emission fromWR 146 (Dessart et al. 2000), implying a fore-
ground column density of NH = (1.37 − 1.85) × 1022 cm−2.
The range corresponds to the conversion that is used: NH =
(1.6− 1.7) × 1021AV cm−2 (Vuong et al. 2003; Getman et al.
2005); and NH = 2.22 × 1021AV cm−2 (Gorenstein 1975).
We adopt the stellar wind parameters (velocity and mass
loss) of the WR component VWR = 2700 km s
−1 and
ÛMWR = 3.15 × 10−5 M⊙ yr−1 ; and of the O-star compo-
nent VO = 1500 km s
−1 and ÛMO = 6.32 × 10−6 M⊙ yr−1 that
are based on the analysis by Dougherty et al. (2000) and
Dessart et al. (2000). From the same analysis, the distance
to WR 146 is 1.4 kpc, which results in projected (or mini-
mum) binary separation of 226.8 ± 11.2 au (0.′′162 ± 0.′′008).
In X-rays, a marginal detection was reported from the
Einstein survey of Wolf-Rayet stars, 6+5−4 × 10−3 cts s−1
(Pollock 1987), and also from the ROSAT survey of Wolf-
Rayet stars, 3.5 ± 1.9 × 10−3 cts s−1 (Pollock et al. 1995).
However, both data sets had poor photon statistics (≤ 30
source counts). Rauw et al. (2015) reported a clear detec-
tion (∼ 1870 source counts) of WR 146 in their analysis of
X-ray emission from massive stars in the star-forming re-
gion Cygnus OB2. A two-temperature plasma (kT = 0.36
and 2.1 keV) could acceptably represent the observed Chan-
dra ACIS-I spectrum of WR 146. By comparing with the
Einstein and ROSAT data (mentioned above), the authors
also concluded that a long-term (years) variability might be
present but the uncertainties in the old data prevent any
firm conclusions on the variations of the X-ray flux from
this object.
3 OBSERVATIONS AND DATA REDUCTION
We searched the Chandra and XMM-Newton archives for
data on WR 146 and found the following Chandra ACIS-I
data sets suitable for analysis of the X-ray emission from this
object. Namely, one pointed observation (WR 146 located
on axis) taken on 2007 March 17 (ObsId: 7426) with effec-
tive exposure of 19.7 ks and two observations being part of
the Chandra Cygnus OB2 Survey (ObsId: 10967 and 10968;
WR 146 located correspondingly at 9.′67 and 7.′86 off axis)
both obtained on 2010 March 2 with the same effective ex-
posure of 28.9 ks. We will further refer to these observations
as Obs 1, Obs 2 and Obs 3 (Fig. 1).
Following the Science Threads for Imaging Spec-
troscopy in the CIAO 4.81 data analysis software, we ex-
tracted the WR 146 X-ray spectra from the three data sets
(we have initially re-processed the data adopting the CIAO
chandra repro script). We note that the near-by source
BD+404243 (11.′′3 from WR 146) was also detected in Obs
1 (24 source counts). Although it is considerably fainter than
WR 146, we excluded its contribution to the X-ray spectra
of WR 146 extracted from Obt 2 and Obs 3 (denoted by the
red circle in Fig. 1). The WR 146 source counts were 719
(Obs 1), 773 (Obs 2) and 784 (Obs 3). The Chandra cali-
bration database CALDB v.4.7.2 was used to construct the
response matrices and the ancillary response files.
We constructed the background-subtracted light curves
and found no variability on time scales shorter than the effec-
tive exposure of each observation. Namely, using time bins
between 100 and 1000 s, the X-ray LCs were statistically
1 Chandra Interactive Analysis of Observations (CIAO), http://
cxc.harvard.edu/ciao/
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consistent with a constant flux: adopting χ2 fitting, the LCs
were fitted with a constant and the goodness of fit was ≥ 0.94
(Obs 1), ≥ 0.95 (Obs 2) and ≥ 0.60 (Obs 3). Anticipating
the results from our analysis, we note that the observed flux
from WR 146 was the same in Obs 1, Obs 2 and Obs 3.
For the spectral analysis in this study, we made use of
standard as well as custom models in versions 11.3.2 and
12.9.1 of xspec (Arnaud 1996).
4 CSW MODEL SPECTRA
4.1 CSW model
In this study, we consider CSW picture that results from
interaction of two spherically symmetric gas flows (stellar
winds) that have reached their terminal velocities in front
of the shocks. This is well justified in wide binary systems
(as WR 146), where neither radiative braking nor orbital
motion (orbital velocities are much less than the wind ve-
locities) is expected to play an important role. In such a
case, the interaction region has cylindrical symmetry and
two-dimensional (2D) numerical hydrodynamic models are
well suited for calculating the physical parameters of the
CSW structure.
We recall that the basic input parameters for the CSW
hydrodynamic model in WR+O binaries are the mass loss
and velocity of the stellar winds of the binary components
and the binary separation (Lebedev & Myasnikov 1990;
Luo et al. 1990; Stevens et al. 1992; Myasnikov & Zhekov
1993). The former define a dimensionless parameter
Λ = ( ÛMWRVWR)/( ÛMOVO) which determines the shape
and the structure of the CSW interaction region
(Myasnikov & Zhekov 1993).
Given the wind parameters and the binary separation
(Section 2), we see that the shocked plasma in the CSW
region of WR 146 will be adiabatic. It follows from the val-
ues of either of dimensionless parameters χ (Stevens et al.
1992) and Γf f (Myasnikov & Zhekov 1993): χ = 574.0 (χ > 1
- adiabatic case), Γf f = 0.0002 (Γf f > 1 - cooling is
important). In general, partial electron heating might oc-
cur behind strong shocks, and the value of the dimension-
less parameter Γeq = 0.02 indicates that this should be
taken into account in the case of WR 146 (Γeq < 1 if
the difference of electron and ion temperatures is impor-
tant; see Zhekov & Skinner 2000). Also, the value of the di-
mensionless parameter ΓNEI = 1.55 indicates that the non-
equilibrium ionization effects (NEI) could play an important
role in the CSW region of WR 146 as well (the NEI effects
can be neglected if ΓNEI ≫ 1; see Zhekov 2007).
We therefore made use of our CSW xspec models that
take into account the different ion and electron tempera-
ture behind the shocks (Zhekov & Skinner 2000) and the
NEI effects in hot plasmas (Zhekov 2007). These models are
based on the 2D numerical hydrodynamic model of CSW by
Lebedev & Myasnikov (1990) (see also Myasnikov & Zhekov
1993). The latter adopts the ‘shock fitting’ technique, which
provides an exact solution to all discontinuity surfaces (the
two shocks and the contact discontinuity) of the CSW re-
gion. This means that there is no numerical ‘mixing’ of the
shocked gases of the stellar winds, which in turn allows the
different chemical composition of the WR and O-star wind
to be explicitly taken into account in modelling the X-ray
emission from the CSW region in WR 146.
We recall that the entire fitting procedure is threefold:
(a) given the stellar wind and binary parameters, the hy-
drodynamic model provides the physical parameters of the
CSW region; (b) based on these results, we prepare the input
quantities (e.g., distribution of temperature, emission mea-
sure, ionization age) for the spectral model in xspec; (c) the
CSW xspec model fits the observed X-ray spectrum. Note
that in xspec we can fit for the X-ray absorption, chemical
abundances and the model normalization parameter. If ad-
justments of other physical parameters are required, all three
steps should be repeated: i.e., our fitting procedure is an it-
erative process. It is important to keep in mind that the nor-
malization parameter (norm) of the CSW model in xspec is
a dimensionless quantity that gives the ratio of observed to
theoretical fluxes. Thus, the entire fitting procedure is aimed
at getting a value of norm = 1.0, which indicates a perfect
match between the observed count rate and that predicted by
the model (norm < 1.0 indicates a theoretical flux higher than
that required by the observations and the opposite is valid for
norm > 1.0). This in turn helps us obtain some constraints
on the basic parameters of the CSW picture (e.g., mass-loss
rates, binary separation).
Finally, we note that our CSW models were originally
developed in the xspec version 11.3.2. The models were now
‘transferred’ into xspec version 12.9.1. We tested the CSW
models in both xspec versions using the latest atomic data
(as in xspec 12.9.1) and the model results were identical.
4.2 CSW spectral model fits
As an initial step, we fitted each of the spectra separately
using standard thin-plasma and shock models in xspec. We
found that the observed X-ray flux was the same in all of
them: e.g., two-temperature fits provide the following ob-
served fluxes in the (0.5 - 10 keV) energy range 4.10[3.35 −
4.16] × 10−13 ergs cm−2 s−1 (Obs 1), 3.87[3.16 − 3.99] × 10−13
ergs cm−2 s−1 (Obs 2), 4.04[3.27−4.16]×10−13 ergs cm−2 s−1
(Obs 3) as the 1σ confidence range is given in the square
brackets. That is there was no long-term variability present.
So to take advantage of the available photon statistics, we
further fitted these spectra simultaneously by imposing the
same CSW model parameters for each individual spectrum.
In all the spectral fits, the chemical abundances of the
shocked O-star wind were solar (Anders & Grevesse 1989).
For the shocked WR-star wind, we adopted the carbon and
oxygen abundances from Dessart et al. (2000): C / He =
0.08; O / He = 0.02 by number; while the other elements had
their values typical for the WC stars (van der Hucht et al.
1986). The Ne, Mg and Si abundances of the shocked WR
plasma were allowed to vary to improve the quality of the
fits.
Our basic CSW model was the one that adopts the
nominal values of the wind and binary parameters of
WR 146 (see Section 2). The theoretical spectrum matched
well the shape of the observed spectra but it overestimated
the observed flux considerably which means that the obser-
vations require much smaller emission measure in the CSW
region than that the nominal WR 146 parameters suggest.
We recall that the emission measure in the CSW region
that results from interaction of spherically symmetric stel-
MNRAS 000, 1–9 (2017)
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Figure 2. Some parameters from the CSW model fits to the X-ray spectra of WR 146 as function of the partial heating (β = Te/T) at the
shock fronts. Left-hand panels: the case with reduced mass-loss rate. Right-hand panels: the case with increased binary separation. The
horizontal dashed line in the χ2-plots is at a value of χ2
min
+1, thus, illustrating the formal 1σ−boundaries for the ‘best’-fit β case. These
boundaries are indicated by two vertical dashed lines on the other plots. The AV values in the plots are calculated from the values of the
X-ray absorption column densities derived in the fits using the Gorenstein conversion (Gorenstein 1975). The horizontal dashed line in
the AV -plots corresponds to the value of optical extinction derived from analysis of optical and infrared spectra of WR 146 (Dessart et al.
2000).
lar winds is proportional to the square of the stellar wind
mass loss and is reversely proportional to the binary sep-
aration (EM ∝ n2V, n is the number density, V is the vol-
ume; n ∝ ÛM/a2 and V ∝ a3, therefore EM ∝ ÛM2/a). We
thus iterated through our fitting procedure, that is we re-
peated all three steps ot its numerous times by adopting
either reduced mass-loss rates or increased binary separa-
tion until the CSW spectral models provided excellent corre-
spondence between theoretical and observed fluxes for each
individual case (i.e., having normalization parameter of the
xspec model norm ≈ 1). Similarly, we explored a range of
values for the partial heating of the electrons at the shock
fronts (β = Te/T , Te is the electron temperature and T is
the mean plasma temperature), since both decrease of mass
loss and increase of binary separation make the electron-ion
temperature equalization run slower downstream from the
shock front due to the reduced plasma density (e.g., see eq.1
in Zhekov & Skinner 2000).
Some fit results are summarized in Figure 2, while the
‘best’-fit results are given in Table 1 and Figure 3.
Although all the models are acceptable in formal sta-
tistical sense (see both top panels in Fig. 2), we note that
the ‘smooth’ χ2 curve illustrates the similarity of our fitting
MNRAS 000, 1–9 (2017)
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Table 1. CSW Spectral Model Results
Parameter ‘Basic’ ‘ ÛM’ ‘D’ ‘ ÛM ’ + Tei ‘D’ + Tei
(A1) (A2) (B1) (B2)
Reduced ÛM by a factor of 1.0 10.4+0.3−0.3 1.0 7.9+0.2−0.2 1.0
Increased D by a factor of 1.0 1.0 66.0+3,3−2.6 1.0 32.0
+1.3
−1.3
β = Te/T 1.0 1.0 1.0 0.26+0.10−0.06 0.21+0.03−0.03
χ2/dof 85/103 79/103 94/103 65/103 71/103
NH (10
22 cm−2) 1.23+0.11−0.08 1.64
+0.10
−0.08 1.59
+0.04
−0.03 1.79
+0.12
−0.10 1.89
+0.08
−0.06
Ne 0.56+0.50−0.30 0.35
+0.18
−0.13 ≤ 0.06 0.33+0.23−0.16 0.11+0.11−0.08
Mg 1.06+0.32−0.24 0.48
+0.11
−0.10 0.17
+0.07
−0.08 0.29
+0.12
−0.10 0.10
+0.07
−0.06
Si 2.15+0.60−0.53 0.86
+0.24
−0.22 0.11
+0.24
−0.11 0.41
+0.25
−0.23 ≤ 0.09
norm 0.0073+0.0004−0.0004 1.00
+0.05
−0.05 0.99
+0.05
−0.04 1.00
+0.05
−0.05 1.00
+0.04
−0.04
FX (10
−13 ergs cm−2 s−1) 4.14 4.16 4.25 3.69 3.62
( 29.7) (161.6) (390.4) (233.7) (675.9)
Note – Results from simultaneous fits to the Chandra spectra of WR 146 using model spectra from the CSW hydrodynamic
simulations. The model with nominal stellar wind and binary parameters is denoted ‘Basic’. The models with reduced mass-loss rates
are denoted with ‘ ÛM’ and those with increased binary separations are denoted with ‘D’. The models denoted with + Tei are their
corresponding best-fit versions that take into account the different electron and ion temperatures (parameter β gives the partial heating
at the shock front). For each model, given is the factor by which the mass-loss rates of the stellar winds were reduced or the binary
separation was increased (see Section 4.2 for details). Tabulated quantities are the neutral hydrogen absorption column density (NH ),
the Ne, Mg, and Si abundances, the normalization parameter (norm) and the absorbed X-ray flux (FX ) in the 0.5 - 10 keV range
followed in parentheses by the unabsorbed value. The norm parameter is a dimensionless quantity that gives the ratio of observed to
theoretical fluxes. A value of norm = 1.0 indicates a perfect match between the observed count rate and that predicted by the model.
The derived abundances are with respect to the typical WR 146 abundances (see text; Section 4.2). Errors are the 1σ values from the
xspec fits as those of the reduced ÛM and increased D factors have been propagated from the 1σ values on the norm parameter. The
errors on the β parameter for the best-fit cases (models B1 and B2) are from the entire fitting procedure (see text for details).
procedure and the steppar command in xspec2. Namely,
we perform a fit while stepping the value of a parameter (β,
the partial electron heating in this case) in a given range.
This allows us to derive the best-fit value (determined by the
minimum of the χ2 statistic, χ2
min
) and the corresponding
confidence range for this parameter. For example, the formal
1σ errors come in the usual way, namely: χ2
1σ
= χ2
min
+1. We
see from Fig. 2 that the CSW models with partial electron
heating at the shock fronts (β < 1) provide better fits to the
observed X-ray spectra of WR 146. The best fits are with
β = 0.26+0.10−0.06 and β = 0.21
+0.03
−0.03 for the model series with
reduced mass loss and increased binary separation, respec-
tively (denoted by the dashed lines in the right-hand side
panels in Fig, 2). For these best fits, the mass-loss rates are
correspondingly reduced by a factor of 7.9+0.5−0.4 and the bi-
nary separation is correspondingly increased by a factor of
32.0+2.0−1.8 with respect to their nominal values (see Section 2).
We note that thus derived uncertainties on the mass-loss rate
and binary separation factors are larger than those from in-
dividual fits since the latter reflect only the quality of data.
On the other hand, we think that the formal errors on
the derived β-values are not that important while it is in fact
important that CSW models with partial electron heating
are a better representation of the observed X-ray spectrum
of the CSW binary WR 146. Interestingly, similar conclusion
is valid for other wide CSW binaries as WR 140 (see Table 3
in Zhekov & Skinner 2000), WR 137 (see Table 2 in Zhekov
2015) and CygOB2 9 (Parkin et al. 2014).
Also, the derived values of the X-ray absorption for the
2 https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/
xanadu/xspec/manual/node87.html
‘best’-fitting models are consistent with the optical extinc-
tion deduced from analysis of the optical and infrared emis-
sion of WR 146 (Dessart et al. 2000). Thus, no excess ab-
sorption, that might be due to the massive stellar winds,
is indicated from analysis of the X-ray emission from this
object in the framework of the CSW picture3.
But, the most interesting result from the direct con-
frontation of the CSW models and the X-ray spectra of
WR 146 is probably that considerably reduced mass-loss
rates (by a factor of ∼ 8) and/or increased binary sepa-
ration (by a factor of ∼ 30) are required to have a good
correspondence between the CSW theory and observations.
This result deserves some more discussion, we believe, thus,
we will return to it in Section 5. However, we would also like
to explore the variability issue a bit more before continuing
our discussion.
4.3 On the long-term X-ray variability of WR 146
We note that the lack of relatively long-term variability of
its X-ray emission (Section 2 and 4.2) is something to ex-
pect in the case of CSW wide binaries, unless the object has
highly eccentric orbit with not very long binary period (e.g.,
a few years) as is the case of the prototype CSW binary,
the WR+O system WR 140 (Williams et al. 1990; Williams
3 Note that our X-ray analysis may indicate some excess absorp-
tion if the Vuong et al. (2003) and Getman et al. (2005) conver-
sions were adopted (see Section 2). However, these conversions are
based on analysis only of nearby dense clouds (d < 500 pc) and
they deviate from the galactic conversion (Vuong et al. 2003). We
thus give preference to the Gorenstein (1975) conversion.
MNRAS 000, 1–9 (2017)
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Figure 3. The background-subtracted spectra of WR 146 overlaid with the CSW model ‘best’ fits. The case with reduced mass-loss
rate is shown in the left-hand panels while that with increased binary separation in the right-hand panels: respectively models (B1) and
(B2) from Table 1. The spectra were re-binned to have a minimum of 20 counts per bin.
2011 and the references therin). Rauw et al. (2015) reported
that there is no appreciable sign of variability between the
Einstein and Chandra observations of WR 146, but the case
of ROSAT observations was not completely settled.
We searched the ROSAT archive and found that
WR 146 fell in the ROSAT field of view on 1993 April
29: PSPC data set rp900314n00 (30.′6 off axis) with nom-
inal exposure of 19.4 ks. Following the recommendations for
the ROSAT Data Processing 4, we extracted the source and
background spectra. The net source counts were 121 ± 20
in an effective exposure of 18.7 ks. Since the data were
taken after 1991 Oct 14, we adopted the response matrix
4 https://heasarc.gsfc.nasa.gov/docs/rosat/
rhp_proc_analysis.html
pspcb gain2 256.rmf and we used the package pcarf to con-
struct the corresponding ancillary response file.
Although the quality of the spectrum is not high it is
much better than that of the data used in the ROSAT sur-
vey of WR stars (see the comment on the X-ray counts in
Section 2), so, we decided to use this ROSAT spectrum
to check the long-term variability of WR 146. Figure 4
shows the ROSAT spectrum overlaid with one of the CSW
models (model A2 in Table 1) that matches very well the
Chandra spectra of this object. We see a good correspon-
dence between the CSW model and ROSAT observation:
χ2/do f = 17/25; observed count rate of 6.5 × 10−3 cts s−1
vs. model count rate of 6.0 × 10−3 cts s−1. Also, if we kept
the spectral shape unchanged (i.e. abundances and X-ray
absorption fixed) and varied only the normalization param-
eter of the model, the best-fitting ROSAT flux (‘required’
MNRAS 000, 1–9 (2017)
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Figure 4. The background-subtracted ROSAT spectrum of
WR 146 overlaid with the CSW model B1 that gives excellent
fit to the Chandra spectra of this CSW binary (see Table 1). The
spectrum was re-binned to have a minimum of 10 counts per bin.
CSW emission measure) was within 4 per cent of its nom-
inal (as of model A2) value. This, in conjunction with the
results by Rauw et al. (2015), makes us confident to con-
clude that there is no indication for a long-term (of approx-
imately two-three decades) variability in the X-ray emission
from WR 146. We note that this corresponds well to the
CSW wide binary status of this object. Namely, from the Ke-
pler’s third law and assumed reasonable total mass of the bi-
nary components of 20-40 solar masses, the projected (min-
imum) binary separation of 226.8 au (Section 2) suggests
a binary period of more than ∼ 550 years. Thus, the avail-
able X-ray observations (from Einstein-through-ROSAT-to-
Chandra) cover less than 5 per cent of that, and no con-
siderable changes of the binary separation and local X-ray
absorption (if any, see Section 4.2) are expected over such a
small piece of the orbit in a wide binary system.
5 DISCUSSION
WR 146 is a wide CSW binary (Section 2), thus, the goal
of this study was to carry out direct comparison between
the CSW model spectra and the X-ray observations. It is
worth noting that we have attributed the entire X-ray emis-
sion from WR 146 to some X-ray production mechanism
that may operate in massive binaries: the CSW phenomenon
in this case. This is a reasonable assumption, we believe,
since the WR star in this system is a carbon-rich object
and the WC stars are very faint or X-ray quiet objects: all
the pointed observations of presumably single WC stars re-
sulted in non-detections (Oskinova et al. 2003; Skinner et al.
2006). On the other hand, massive OB stars are X-ray
sources and we could expect no more than a few ×1032
ergs s−1 from the O-star companion in WR 146, provided
it had a bolometric luminosity even as high as 1039 − 1040
ergs s−1: Rauw et al. (2015) have shown that the OB stars
in CygOB2 (WR 146 being a probable member of this star-
forming region) follow the X-ray-to-bolometric luminosity
relation log(LX/Lbol) = −7.2 ± 0.2. Such a possible contri-
bution is not substantial compared to that from the CSW
region in WR 146 (LX > 3.8×1033 ergs s−1 for an adopted dis-
tance of 1.4 kpc, using the unabsorbed fluxes from Table 1)
but even if it were, then what about the X-ray emission from
the CSWs themselves?
The very basic result from the CSW model analysis is
the ‘requirement’ of considerable changes of the stellar mass-
loss rates and/or binary separation with respect to their cur-
rently accepted values to make the theory and observations
converge.
In fact, we considered in some detail two limiting cases
that gave very good correspondence between the theoreti-
cal and observed flux (emission measure): (a) reduced mass
losses; (b) increased binary separation (Section 4.2). How-
ever, it is our understanding that case (b) does not seem very
realistic since it could suggest a very ‘special’ (in general pos-
sible but with low probability) observational circumstances:
e.g., the orbital inclination angle of the spatially-resolved
binary WR 146 should be very close to 90◦ (only within 2◦
of it), for the expected (i.e. actual) binary separation is at
least as ∼ 30 times as large (Table 1 and Fig. 2) the measured
(projected) one.
In general, other combinations of mass-loss rates and
orbital separation with values in the range we have consid-
ered separately for each of them that give a reduction of
the emission measure similar to that used in our analysis
(EM ∝ ÛM2/a) can give acceptable fits to the X-ray spectra
of WR 146. However, a reasonable value of the binary sepa-
ration (say, ∼ 2−3 times its minimum value) will still require
mass-loss rates considerably reduced by a factor of 4 - 5 (or
even more) compared to their currently accepted values for
this CSW binary. But, is WR 146 unique in this respect?
We recall that one of the basic results of the direct mod-
elling of the X-ray emission from the wide CSW binaries
WR 137 and WR 147 in the framework of the CSW picture
was along the same lines. Namely, an appreciable reduction
of the mass-loss rates was needed to reconcile the model pre-
dictions with observations: of about one order of magnitude
for WR 137 (Zhekov 2015); and of about a factor of four for
WR 147 (Zhekov & Park 2010). Thus, there is already some
‘statistics’ which gives indications for an appreciable mis-
match between the stellar wind parameters of Wolf-Rayet
stars derived from analysis of their optical/UV and radio
emission and their corresponding values that are needed to
explain the observed X-ray emission from the same objects.
We have to keep in mind that the stellar wind parameters
(e.g., mass-loss rates) of massive stars are in a way model-
dependent since they are deduced by adopting some physical
picture with related assumptions, approximations etc.
The CSW picture in wide massive binaries is quite sim-
ple from a technical point of view: it adopts adiabatic shocks
that result from interaction of homogeneous gas flows (stel-
lar winds). On the other hand, winds of massive WR stars
are likley not smooth but clumpy and this is adopted in
the sophisticated stellar atmosphere models used to de-
rive their stellar wind properties (e.g., Hamann et al. 2006;
Sander et al. 2012). In these models, a standard volume fill-
ing factor of 0.1 throughout the stellar wind is usually as-
sumed that results in a factor of ∼ 3 = 1/√0.1 mass-loss
reduction compared to models with homogenious winds. We
note that the mass-loss rate of WR 146 adopted in this study
(Section 2) is from Dessart et al. (2000): it is based on spec-
tral analysis with stellar atmosphere model with stellar-wind
clumping taken into account.
Using thus derived mass-loss rates in a CSW model
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that assumes homogenious gas flows (stellar winds) means
that we have explored a physical picture in which the dense
clumps expand further out from the massive star itself. Thus,
they ‘murge’ with each other and form a homogenious stellar
wind well beyond the UV/optical line formation region but
before the stellar winds collide in the wide binary system.
However, even in such a case the adopted ‘basic’ mass-loss
rates of the stellar components in WR 146 produce way too
high an X-ray emission from the CSW region compared to
what is required by the observations.
Then, could it be that the stellar winds of WR stars are
two-component flows: the more massive component (dense
clumps) are responsible for the optical/UV emission from
these objects and the smooth rarefied component is a basic
factor for their X-ray emission that comes from the CSW
region in WR binaries?
Although such a physical picture may seem speculative,
it could in general explain the discrepancy between the ‘op-
tical/UV’ stellar wind parameters and their ‘X-ray’ values
required by the corresponding CSW picture in wide binaries.
However, based on numerical hydrodynamic simulations of
‘clumpy’ CSW in wide binaries Pittard (2007) concluded
that clumps will dissolve in the CSW region and the X-rays
emission will be very similar to that from smooth winds.
Thus, introducing a two-component wind might not resolve
the mass-loss issue discussed here.
But, a similar mass-loss mismatch has also emerged
from analysis of the X-ray emission from wind-blown bub-
bles (WBB) around WR stars, that is from a different physi-
cal picture. Namely, theoretical hydrodynamic WBB models
match very well the shape of the observed X-ray spectra but
they again ‘require’ an appreciable reduction of the currently
accepted mass-loss rates for the central star of the studied
WBB: by a factor of ∼ 3 − 4 for NGC 6888 (Zhekov & Park
2011); and almost by an order of magnitude for NGC 2359
(Zhekov 2014).
Summarizing this kind of results from modelling the
X-ray emission from wide CSW binaries and wind-blown
bubbles, we could say that they all seem to point to rel-
atively small mass-loss rates from Wolf-Rayet stars, ÛM <
10−5 M⊙ yr−1 , and such values are in general atypical for
these massive stars (e.g., see Crowther 2007 for a review on
the physical properties of WR stars).
We thus think that more efforts are needed to build a
self-consistent picture of the stellar winds from Wolf-Rayet
stars that is based on global modelling of the WR emission
in different spectral domains: e.g., radio, optical/UV, X-ray.
Such an approach may also help reduce the uncertainties of
the distances to WR stars. On the one hand, these uncer-
tainties are not negligible since the distances to WR stars
are not well constrained: e.g., as a rule most distances to
WRs are ‘photometric’ (van der Hucht 2001). And, on the
other hand, these uncertainties directly affect the results on
the stellar wind parameters.
Along the same lines, could it be that such a mass-
loss reduction is required not only for the WR stars but
for other massive stars of early spectral type? For example,
Parkin et al. (2014) reported that the mass-loss rates of the
binary components in the O+O binary Cyg OB2 9 (Schulte
9) should be reduced by a factor of ∼ 7.5 − 7.7 compared to
their currently accepted values. This result is based on anal-
ysis (hydrodynamic modelling) of the X-ray emission in the
framework of the CSW picture. We would like to emphasize
that the CSW shocks in Cyg OB2 9 are in adiabatic regime,
as they are in the case of WR 146 and other CSW binaries
with WR components discussed above. This is an important
detail since the physics of adiabatic CSWs (thus, their cor-
responding numerical modelling) is relatively simple from a
technical point of view which makes the corresponding nu-
merical results quite reliable.
We note that if future studies do justify the need of a
considerable (of about one order of magnitude) reduction of
the mass-loss rates in massive stars of early spectral type,
this may have an important impact on our understanding of
the physics of these objects. Namely, we will have a new and
deeper insight of the driving mechanism of their stellar winds
and the evolution of these massive stars as well, since the
latter considerably depends on how they lose mass during
their life time. Also, the evolution of massive stars of early
spectral type is an important ingredient for understanding
the physics of young stellar clusters and star-forming regions
where these stars are born and where they have huge impact
on their environment.
However, caution is advised before making such an im-
portant turn. We have to see first if such a mass-loss dis-
crepancy emerges in other objects, thoroughly evaluate all
these basic findings, and only then proceed with so general
conclusions.
We thus think that a good approach for handling this
issue is to adopt the global spectral modelling of the observa-
tional properties of massive stars (especially of Wolf-Rayet
stars) in different spectral domains (e.g., radio, optical/UV,
X-ray) as proposed above. This will show whether we could
reconcile the results on mass-loss rates from different anal-
yses, that is to see if a solution is possible all these results
may converge on. Alternatively, such an approach may re-
veal some additional caveats in our understanding of the
physics of stellar winds in massive stars or of the physics
of fast shock, that result from the interaction of the highly
supersonic flows (stellar winds) in massive binaries. Could it
be that we are missing some key detail of the CSW physics
in massive binaries that has a very important impact on the
origin of X-rays in these objects? We believe that the global
spectral modelling will help us clarify all that.
6 CONCLUSIONS
In this work, we presented an analysis of the X-ray emission
from the massive binary WR 146 in the framework of the
colliding stellar wind picture. The main results and conclu-
sions from a direct comparison between the results from the
numerical hydrodynamic CSW model and the Chandra and
ROSAT data on this object are as follows.
(i) We confirm (see also Rauw et al. 2015) that there are
no indications of long-term (of approximately two decades)
variability in the X-ray emission from WR 146. This is in
accord with the CSW picture in wide (in fact, spatially re-
solved) massive binaries.
(ii) CSW model spectra match well the shape of the
observed X-ray spectrum of WR 146. There are indications
that models with partial electron heating at the shock fronts
(different electron and ion temperatures) with β = Te/T =
0.2 − 0.3 (Te is the electron temperature and T is the mean
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plasma temperature) to be a better representation of the X-
ray data than those with complete temperature equalization.
Also, the derived X-ray absorption from the spectral fits is
consistent with the optical extinction to WR 146.
(iii) On the other hand, CSW models overestimate the
observed X-ray flux (emission measure) considerably. To rec-
oncile the model predictions and observations, the mass-loss
rate of WR 146 must be reduced by a factor of 8 - 10 com-
pared to the currently accepted value for this object (the
latter already takes clumping into account).
(iv) Finally, the considerable mismatch between the
mass-loss rates based on X-ray studies and those from anal-
ysis in other spectral domains for this and other WR stars
makes us believe that we need to build a self-consistent pic-
ture of the stellar winds from such massive stars adopting a
global spectral modelling of their properties.
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